We scored pelage coloration of pigs and peccaries and matched them to socioecological variables to assess the relative strengths of protective coloration and signaling in driving coat coloration. Using phylogenetically controlled analyses, we found that faces, bellies, and perhaps flanks are lighter in larger species; ear coloration is lighter in less-shady environments and in more-social species; white facial spots are associated with less shade and with nighttime activity; and white body spots are associated with greater sociality. There is a marginal association between striped natal coats, a classically cryptic pelage, and litter size. These findings indicate that the body coloration of Suiformes has been selected to match overall background lighting conditions in both adults and neonates, but that specific areas and color patches on the body are associated with signaling. Our study suggests that small areas of contrasting pelage coloration are superimposed on classically cryptic body plans to allow both protective coloration and signaling to operate simultaneously.
For over 150 years, studies of animal coloration have paid attention to explaining conspicuous or contrasting coloration because there is an implicit assumption that the default external appearance is crypticity (Cott 1940) . As classic illustrations of this logic, Darwin (1871) sought to explain gaudy ornaments in birds and Wallace (1889) tried to elucidate conspicuous coloration in insect larvae. In a similar vein, contemporary comparative research on coloration often targets brightly colored taxonomic groups such as millipedes (Marek and Bond 2009) , birds (Burns 1998), lizards (Stuart-Fox and Ord 2004) , poison dart frogs (Hagman and Forsman 2003) , and mephitids . This is somewhat unfortunate because the vast majority of terrestrial taxa are actually dull, unassuming shades of green, grays, and browns to match their backgrounds, and these require explanation, too. For example, the relative importance of environmental factors such as shade, humidity, and background coloration in driving inconspicuous coloration is still not fully understood (see Cuthill et al. 2017) .
Furthermore, within these inconspicuous species, we sometimes see small patches of different colors on otherwise uniform body coloration. In mammals, for example, cryptic taxa sometimes sport black or white extremities, often ear tips or tails, as in lagomorphs (Stoner et al. 2003a ) and bovids, or white rumps, as in cervids (Stoner et al. 2003b ), or else have colorful faces, as in carnivorans (Caro et al. 2017b) . Surprisingly, few attempts have been made to explain external appearances in these dowdy groups, but we need to pursue this goal if we want a broad understanding of the evolutionary drivers of pelage coloration in mammals (Caro 2013) .
Across species, the pelage of the Suiformes, comprising the pigs (Suidae) and peccaries (Tayassuidae), varies from thick fur as in the bushpig (Potamochoerus larvatus) to very sparse hair in the Sulawesi babirusa (Babyrousa celebensis), a species that is almost naked. To human eyes, very few pigs or peccaries are conspicuous; instead, overall coloration varies from almost black through gray to dark brown to russet red, although small areas of the face, beards, manes, and dorsal crests may exhibit contrasting coloration, usually white or black (Fig. 1) . Neonates in several species have natal coats that are colored differently from adults, as, for example, striped wild boar (Sus scrofa) piglets or russet collared peccary (Pecari tajacu) piglets (Fig. 1) .
Suiformes are a very successful group of mammals in the sense of having a considerable geographic range, inhabiting large parts of both the Old World (pigs) and the New World (peccaries); species range from the tropics to subarctic regions and occupy deserts, oak grasslands, subtropical forest, mangroves, and taiga. All 15 species of pigs are omnivores that vary in body size from 6-9 kg in the pygmy hog (Porcula salvania) to 140-275 kg in the giant forest hog (Hylochoerus meinertzhageni), while the 3 peccary species range from 15 to 40 kg (Meijaard et al. 2011; Taber et al. 2011 ). Individuals of many species form long-term social relationships, show extensive maternal and paternal care, and their group sizes vary from solitary to hundreds of individuals, as seen in white-lipped peccaries (Tayassu pecari). We can use this variation in independent ecological and social variables to throw light on the functional significance of interspecific color variation in this inconspicuous group of mammals (see Caro and Stankowich 2009; Caro et al. 2011 for other examples). A priori, we predicted that overall coloration of the face, flank, belly, and legs would match background lighting conditions, making the individual difficult to detect. In addition, overall coloration would conform to Gloger's rule (1833) , in which darker external appearances are associated with lower latitudes. We also predicted that specific small areas of the body (such as the ears) might be contrasting in nocturnal species that need to signal effectively under low light intensity and in social species where individuals need to maintain contact. We believed that contrasting pelage would not be used in disruptive coloration, as the areas are usually small and unlikely to break up the animal's outline effectively. We had no prediction about which species would have striped young.
Methods and Materials
We constructed a list of the 3 species of peccary and 14 pig species (only 14 of which had color scores. Three had no color scores, but had striped young and independent variable scores). Extinct species were excluded. Independent variables were gleaned from 9 books and 2 websites (iucnredlist.org, and Wikipedia.org; see Supplementary Data SD1). Areas of disagreement between sources were flagged, and a decision was made based on a preponderance of the evidence among the sources and the experience of the authors. The study conforms to guidelines of the American Society of Mammalogists for research (Sikes et al. 2016) .
Coloration.-To score coloration, we located 5 pictures of individuals of each species from the Handbook of the Mammals of the World Volume 2: Hoofed Mammals, Nature Picture Library (https://www.naturepl.com/), the Encyclopedia of Life (http://eol.org), the American Society of Mammalogists website (http://www.mammalsociety.org/), as well as from other reputable sites (see Caro et al. 2017a) . Five photographs were considered sufficient, as intraspecific variation in pelage coloration was extremely low. Pictures from books were scanned via a Canon Imagerunner Advance 4035 (Canon, Inc., Tokyo, Japan). Drawings were never used.
If pictures for a species could not be found on these sites, they were assigned a missing value for color scores. This occurred for Babyrousa togeanensis, Pecari maximus, and Sus oliveri. Due to high variations in coat form and color among subspecies, S. scrofa was also not included in the coloration analysis. Some species had fewer than 5 pictures of individuals: Sus ahoenobarbus (2 images), Sus celebensis (2), Sus philippensis (3), and Sus verrucosus (1). We used a total of 118 photographs for all species. If there was a possibility that 2 different pictures were of the same individual (based on locations, photographer names, similar identifying markers on animals, etc.), the higher-quality picture was used. Females and males were not scored separately, as gender was not recorded. Captivity status was not recorded. There was 1 case where the same image of the same animal was listed as different species by different sites and was discarded.
Photographs of animals were divided into 6 different body parts (face, outer ear, forward-facing inner ear, legs, flank, belly) and each was assigned a score (see Table 1 for details) in the following manner. Using a Microsoft Surface Pro4 (Microsoft Corp., Redmond, Washington), pictures of individuals and the color chart ( Fig. 2a) were placed on the same screen using the "split screen" feature. On the right side of the screen was a picture from one of the sites, cropped to maximize the size of the animal to take up the full picture. Screen brightness was turned up all the way for each picture for consistency. Our coloration chart, taken from Caro et al. (2017a) , was placed on the left side of the screen. It consisted of 7 melanin categories, 6 of which Table 1 .-Parts of the body of 14 species of Suiformes scored for color (with 3 more scored for natal coats and independent variables).
Scored for color Definition Scoring
Natal coats Coloration pattern of the neonate. 0 = uniform in color, 1 = spots and stripes, 2 = stripes. Face Head excluding ears and neck. Crowns that cover parts of the face, eyes, and tusks not included.
If monochromatic, scored 100% for that color. Otherwise, amounts of each color rounded to nearest 10%. Number of black spots on face Number of contrasting black spots or patches on face.
Number of black spots on face taken from a maximum of 5 individuals and averaged for each species. Number of white spots on face Number of contrasting white spots or patches on face.
Number of white spots on face taken from a maximum of 5 individuals and averaged for each species. Number of white spots on body Number of contrasting white spots or patches on body, excluding face.
Number of white spots on body taken from a maximum of 5 individuals and averaged for each species. Outer ear Outermost rim of ear when viewed from the front. Transects measuring color along 3 lines of the body. Lines ran from where back of the ear attaches to body, to the end of the rump, when viewed from the side. To determine line placement, "Screen Sketch" was used to measure the tallest height of the body (from belly to spine); this was divided by 4 and 3 dots placed equidistant. If angle of the body was awkward, angles of the ruler were changed to be continuously parallel to the spine.
An on-screen ruler measured colors along each transect line in cm. Percentages of colors were averaged along each transect and then averaged them among them to give flank average color score.
ranged in intensity of pigmentation from 1 (least intense) to 5 (most intense). The categories were: no pigment (A), eumelanin black banded with no pigment (B), eumelanin black (C), agouti saturated with eumelanin (D), eumelanin brown (E), agouti saturated with eumelanin (F), and phaeomelanin (G). Eumelanin is a black or brown pigment in hair, and phaeomelanin is a yellow or red pigment. Agouti refers to banded hair color, meaning the hair color is darker at the base than at the tip. If excessive sunshine was reflected off the fur, the color score needed to be adjusted to a darker color. Similarly, if parts of the body were in deep shadow, the color score needed to be adjusted to a lighter color score. This was accomplished by darkening the score by +1 for sunshine and lightening the score by −1 for shadow. So, if a photo taken in shadow was assigned a C1 score, the recorded score would be C2. Body parts where the color was obstructed by mud or other barriers were not scored. The portion of the body that was covered received a score matching the majority of the color around that area. For instance, if a leaf was covering a portion of the leg, the color that was most abundant immediately around that leaf was assumed to be the color underneath the leaf.
If colors did not exactly match the key, we would force the color into the chart score that most resembled color of the fur or skin on the animal. Two rounds of scoring were performed for each species. If there was disagreement between the 2 rounds for which color on the chart matched best, we would search for another animal with the same uncertain color and see what score it was assigned; a majority score was used in instances of uncertainty. Skin coloration was sometimes red or pink, and was recorded as G5 in every case.
Scores were later transformed into a 10-point light-to-dark scale, following Caro et al. 2017a . To avoid bias, this scaled score chart was not referenced until all of the scoring using the first color chart was completed. For those areas of the body with percentages < 100% (see Table 1 ), the score on the gradient scale was multiplied by the percentage. For example, when converting the leg score of an individual that was 10% C5, 40% E3, and 50% B2, using Fig. 1b the calculation for scaled score would have been: 0.1 * 10 + 0.4 * 8 + 0.5 * 4 = 6.2. Missing values were dropped from all calculations. For each body area, averages were taken from all the photographs of each species.
Separately, patches of contrasting black or white spots, blotches, or lines were also scored and counted (Table 1) . A contrasting patch was defined as being a pure black or white spot in an area surrounded mostly by nonblack or nonwhite color.
Independent variables.-Independent variables that describe the behavior and living conditions of the species were taken from Boitani and Bartoli (1983) , Macdonald (1984) , Emmons (1990) , Oliver (1993), Reid (1997) , Nowak (1999), CluttonBrock and Wilson (2002) , Wilson and Mittermeier (2011) , and Kingdon and Hoffman (2013) (see Table 2 ). We were particularly interested in lighting conditions and extent of sociality because they relate to crypsis and communication.
Analyses.-We extracted the first tree from the species-level phylogeny treeset of Faurby and Svenning (2015) and pruned it to include only Suiformes (Fig. 2) . Due to missing independent and color data for some species, sample sizes varied for each test (n = 13-17). We matched every dependent color variable against shade, activity, sociality, and body mass, which were entered simultaneously in comparative phylogenetic generalized least squares (PGLS) tests using the "caper" package (Orme et al. 2012) 
in R (R Development Core Team 2008).
For each model, lambda (λ, which represents the phylogenetic signal) was computed using maximum likelihood methods. In addition, we tested for associations between 4 measures of overall coloration and presence in 5 sorts of habitat (thick forest [tropical rainforest or subtropical rainforest or riverine], forest, woodland, savannah or shrub, grassland) using phylogenetically controlled ANOVAs using the "phytools" package (Revell 2012) . We used a phylogenetic logistic regression to test the relationship between litter size and neonate striping using the "phylolm" package (Ho and Ane 2014) .
results
Body coloration.-We found few significant associations between face, flank, belly, or leg coloration and habitat except that both belly and leg darkness were marginally darker in species inhabiting forests (F 1,11 = 6.713, P = 0.097; F 1,11 = 8.616, P = 0.058, respectively). We found consistent significant associations between pelage coloration and body mass across species: faces, bellies, and perhaps flanks were all of lighter hues in larger species (face: n = 13, λ = 0, t 8 = −2.51, P = 0.036; belly: n = 13, λ = 0, t 8 = −2.67, P = 0.028; flank: n = 13, λ = 0, t 8 = −1.92, P = 0.0911). Dark legs were associated with increasing nocturnality (n = 13, λ = 1, t 8 = 2.90, P = 0.020).
There were no significant associations between latitude scores and overall coloration measures (n = 13, face: λ = 1.000, t 11 = 0.76, P = 0.464; belly: λ = 0.274, t 11 = −0.33, P = 0.750; flank: λ = 0.056, t 11 = −0.06, P = 0.957; legs: λ = 0, t 11 = −0.13, P = 0.897). Table 2 .-Independent variables used in analyses of relationships to coloration in 17 species of Suiformes.
Independent variables Definition or categories Scoring
Habitat shade score Using IUCN habitat classifications, shade scores, derived from TS and Jennifer Martin, were assigned to each classification. Scores were then multiplied by IUCN suitability classification (suitable × 2, marginal × 1) and these standardized scores were then summed and divided by the total to yield an average habitat shade score.
Range from 0 = completely shaded habitat to 1 = no shade at all.
Habitat Thick forest (includes tropical rainforest, subtropical rainforest, and riverine [swamp, gallery forests, or riparian areas]), forest, woodland, savannah or shrubland (scrub), and grassland (steppe) based on consensus if multiple sources. If an entry stated "wide variety from this habitat to that habitat," every type of habitat between those was counted. 0 = species did not occupy that habitat, 1 = they did.
Sociality
Social behavior of the species. 1 = mostly asocial and alone, 2 = pairs, 3 = social (i.e., more than a pair, 4 = variable across genders, ages, or individuals). Activity Part of the day active (not sleeping). If multiple activity patterns reported (due to presence/absence of humans, seasonal variation, or general variation), numbers were averaged. If a human-induced activity pattern was the only available, it was used; if more information, it was discarded. Human disturbance may be a source of error. 1 = diurnal, 2 = crepuscular, and 3 = nocturnal. No species was cathemeral (irregularly active day or night).
Body mass Averages used over ranges; range midpoints preferred over maxima. If only ranges available, midpoints were taken. If only a maximum was available, it was used as the final average. If there was an additional entry to the maximum, the maximum was converted to the midpoint between that and the lowest minimum among other sources. Sexes received the same weight when no gender-specific information was provided.
Weight in kg.
Latitude Area of the world in which species appears, classified as tropics, subtropics, and temperate. If a species lived in more than 1 area, an average was taken. 0 = tropics, 1 = subtropics, 2 = temperate.
Litter size Litter size was typically given as a range by multiple sources, or just 1 number. The midpoint was found from each range, then averaged among midpoints from all sources.
Specific areas.-We found that darkness of the forwardfacing inner ear was associated with more-shady environments (n = 13, λ = 0, t 8 = −2.83, P = 0.022; Fig. 3a) . Outer ears were lighter in more-social species (n = 13, t 8 = 4.25, P = 0.003).
Contrasting patches.-The number of white spots on the face was associated with nocturnality ( Fig. 3b) , as well as living in less-shady habitats (n = 12, λ = 0, activity: t 7 = 3.86, P = 0.006; shade: t 7 = 2.38, P = 0.049). Similarly, the number of black spots on the face was strongly associated with greater nocturnality (n = 12, λ = 0, t 7 = 4.67, P = 0.002). The number of white spots on the body was associated with increasing sociality (n = 12, λ = 0, t 7 = 3.31, P = 0.013; Fig. 3c) .
Natal coats.-There was a tendency for young to be striped in species with larger litters (phylogenetic logistic regression: z = 1.95, phylogenetic correlation parameter alpha = 0.40, n = 17; P = 0.051; Fig. 3d ).
discussion
Some aspects of overall pelage coloration (face, belly, and possibly flanks) in the Suiformes related to body mass: larger species showed lighter colors than smaller species. In addition, there were marginal associations between darker bellies and darker legs and living in forest habitats. Finally, species that had darker legs were more nocturnal. All of these findings suggest that aspects of general body coloration are related to crypsis: darker areas of coloration were found in smaller species that tend to have more predators than larger species (Sinclair et al. 2003) , darker areas were characteristic of closed habitats, and darker areas were associated with nocturnal behavior. Nonetheless, the results were not particularly consistent or strong, suggesting other factors are likely to be involved. There was no evidence of darker species living at lower latitudes (Gloger's rule) in these taxa, although our measure was coarse.
Suiformes have numerous scent glands and show extensive scent-marking behavior. They produce well-developed sounds almost continuously when foraging, as well as alarm calls and roars used in fighting. Moreover, they have reportedly poor vision (Meijaard et al. 2011; Taber et al. 2011) . Therefore, it is perhaps surprising that we found 3 aspects of external appearance apparently involved in intraspecific communication. We are inclined to dismiss these markings as being involved in disruptive coloration because they are not extensive in size, often follow the body outline (e.g., dorsal crest or outline of the ear), and are principally found on the head, where signaling is likely to be important in individuals facing each other (Caro et al. 2017b) .
First, outer ear coloration was lighter in more social species, suggesting it is used in visual signaling. Pinnae are mobile and are used in dominance displays in both pigs and peccaries and can be turned forward to face conspecifics or else lowered in fights, so they may signal intent. Nonetheless, conspicuous ears may facilitate group and mother-offspring cohesion where illumination is poor (Ortolani and Caro 1996) .
Second, face coloration appears to be involved in intraspecific communication in that both the number of areas of contrasting pelage on the face, be they white or black, were greater in more-nocturnal species, and more white facial spots were found in species living in less-shady habitats. We acknowledge that only 2 species are on the nocturnal end of the spectrum, but we are not sampling from a large data population. That conspicuous color patches were associated with illumination conditions implies that these areas of the body are used to communicate effectively, most likely with conspecifics. We suspect that some of these forward-facing color patches are used in contest competition where fighting is complex, involving a head-up posture, cocking ears to signal aggression, sideways and upward head movements in some species, lateral displays in others as fights escalate, and eventually fighting head to head (Meijaard et al. 2011) .
Third, the number of white patches on the body was associated with sociality, which suggests these patches are used in signaling to conspecifics, possibly to facilitate group cohesion, or are involved in contest competition. These white patches were few in number (< 5; see Fig. 3c ) and separated, so we did not consider these as a form of camouflage, as seen in blotched cervids (Stoner et al. 2003b) .
The marginally significant association between striped natal coats and litter size suggests that crypsis may be particularly important in suids with larger litters (peccaries do not give birth to striped young). While most pig species construct nests in which to give birth, neonates soon leave and accompany their mother or join a group of conspecifics. We speculate that more offspring may make it easier for predators to detect them by movement or noise, which perhaps drives a greater need for crypsis. More generally, pigs conform to several other mammalian taxa in having altricial neonates born with cryptic natal coats (e.g., some carnivores, seals artiodactyls-Stoner et al. 2003b ) likely due to their relative immobility and greater vulnerability compared to adults (Booth 1990) .
Our limited findings suggest that adult pigs and peccaries have a body coloration plan in which a drab torso is used to remain concealed among background vegetation and that this is more important for smaller species that may be under greater predation pressure. Superimposed on this body plan, contrasting areas of the body, principally a limited number of whiter bands, blotches, or spots, are used in signaling to conspecifics. These may help facilitate group cohesion in social species, and in signaling during contest competition. More generally, we show here that small areas of contrasting pelage coloration are superimposed on classically cryptic body plans to enable both protective coloration and signaling to operate simultaneously in mammals, as has been found in other taxa (Marshall and Stevens 2014) .
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